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ABSTRACT 

Planar laser-induced fluorescence (PLIF) is used to characterize the complex flowfield of a unique 
fuel-lean, radially-staged, high pressure gas turbine combustor. PLIF images of OH are presented for two 
fuel injector configurations. PLIF images of NO, the first acquired at these conditions, are presented and 
compared with gas sample extraction probe measurements. Flow field imaging of nascent C 2 
chemiluminescence is also investigated. An examination is made of the interaction between adjoining lean 
premixed prevaporized (LPP) injectors. Fluorescence interferences at conditions approaching 2000 K and 
15 atm are observed and attributed to polycyclic aromatic hydrocarbon (PAH) emissions. All images are 
acquired at a position immediately downstream of the fuel injectors with the combustor burning JP-5 fuel. 

INTRODUCTION 

A significant volume of work has been done to characterize combustion processes in simple 
gaseous flames by way of measurements of species concentration, temperature, velocity and pressure. 1 3 
Until recently, few investigations have been initiated with practical high pressure/high temperature 
aeropropulsion combustor applications. Principal among these studies is the PLIF examination of heptane- 
fueled spray flame species 4 at pressures approaching 10 atm, and the imaging study of the high pressure 
environment of optically accessible reciprocating engines 5 using a tunable excimer KrF laser. 

Recently, researchers at NASA Lewis Research Center have used OH PLIF to examine the 
complex flowfields in single injector flametubes burning JP-5 fuel. 6 These studies were performed in a 
unique, optically accessible flametube. This device, when coupled with nonintrusive optical diagnostic 
methods, permits direct measurement of parameters critical to advanced combustor and subcomponent 
design. Previous diagnostic methods in these large scale rigs employed invasive probe-based 
measurements that perturbed the flow field, thus adversely affecting the analysis. 

The work presented here is an extension of that earlier NASA single injector subcomponent work 
to a more complex radially-staged gas turbine combustor test rig. Although many optical diagnostics exist 
for performing in-situ measurements on reacting flows, 7 PLIF was selected for this study due to its ability to 
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characterize a flow in two dimensions, its species specificity, the degree to which it can be quantified, and 
the potential to extract planar temperature information. The fluorescence from excited OH, NO and C 2 
molecules was acquired at lean burning conditions for a number of fuel injector configurations over a range 
of pressures (8 atm - 14 atm), inlet temperatures (728 K to 866 K), equivalence ratios (4> = 0.41 to 0.59), 
and air flow rates (1.86 kg/s to 4.10 kg/s). 

The OH radical was chosen for study not only because it serves as a reaction zone marker, but also 
due to its importance as a reaction intermediate. NO was examined because it is a pollutant in lean burning 
combusting systems, and as such, is a major concern of new aerospace propulsion initiatives. 8 ' 9 A 
characteristic of combustors is that the local fuel-air distribution fluctuates, giving rise to hot spots that are 
responsible for the bulk of NO production. Gas probes have provided average NO concentrations but are 
incapable of providing an in-situ measurement of NO distribution. Planar imaging will address this 
concern. Finally, C 2 was examined because it too is a fuel marker with the added benefit that it can be 
visualized without laser excitation, allowing elucidation of the flow in regions inaccessible to lasers. Using 
the fluorescence from these molecular species, fuel/air mixing, flame structure, and the interaction between 
adjacent fuel injectors are examined. 

We present here the first use of PLJF imaging of flame species to analyze the high pressure, high 
temperature flow fields encountered in a JP-5 burning, radially-staged gas turbine combustor sector rig. 

EXPERIMENTAL HARDWARE AND PROCEDURES 


OPTICAL SYSTEM 


Wavelengths used in this study to excite the NO A 2 E* X 2 FI (0,0) and OH A 2 X + <— X 2 n (1,0) 
transitions were generated using a Continuum ND 81-C Nd:YAG which pumps a ND-60 dye laser. An 
ultraviolet wavelength extension (UVX) system provided doubling and mixing after doubling capabilities 
when pumped by the Nd:YAG second harmonics of 750 mJ/pulse at 10 Hz. For OH excitation the dye laser 
used a Rhodamine 590 dye solution yielding approximately 185 mJ at 566 nm. Doubling the resultant dye 
output provided approximately 16 mJ at 283 nm. To achieve NO y-band excitation, the dye laser used a 
mixture of 80% Rhodamine 590 and 20% Rhodamine 610 dye solution. The doubled dye output was mixed 
with residual 1064 nm infrared resulting in laser energy of 4mJ near 225.5 nm. The bandwidth of these 
wavelengths was 1.0 cm' 1 as measured by a Burleigh pulsed UV wavemeter. The pulse widths were 7 ns at 
FWHM. A pellin-broca prism isolated the appropriate UV wavelength from the residual dye and pump 
fundamental. Excitation wavelength verification was accomplished for OH by splitting off 5% of the 
prepared UV output and passing it through a Bunsen burner flame at atmospheric pressure. For NO, the 
UV beam was directed through a high pressure vessel containing 250 ppm NO in argon. The fluorescence 
from each was monitored with a photo-multiplier/boxcar averager system. 

Figure 1 illustrates the optical system used in this series of experiments to deliver the laser beam to 
the test section. The UV laser beam, possessing a divergence of -5 mrad, was allowed to freely expand 
through the optical path that was approximately 82 ft (25 m) in length. Sheet forming was accomplished 
with a 3000 mm focal length cylindrical lens resulting in a sheet with approximate dimensions of 25 mm x 
0.3 mm. Figure 2 shows details of the two configurations used for the final segment of the optical delivery 
system. Figure 2(a) displays details for horizontal laser sheet insertion, while Figure 2(b) shows details for 
vertical laser sheet insertion. Also shown in Figure 2 is the ICCD camera detector for both laser sheet input 
arrangements as well as a beam profiler that was used to monitor laser sheet positioning. 

The angular position of all mirrors in the beam transport system is controlled by remote operation. 
Additionally, mirrors 2-6 are mounted on motorized traversing stages that provide remotely controlled 
linear motion. Linear movement of the mirrors is necessary in order to reposition the laser sheet across the 
incident window and consequently to access the entire flowfield within the window field of view. Stream- 
wise movement of mirrors 4 and 5 is needed to counteract rig growth which has been found to be 
approximately 5 mm in the upstream direction. Movement of the ICCD camera, mounted either above the 
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rig for horizontal laser input, or alongside the rig for vertical laser input, is provided by a 2- or 3-axis 
positioning system. The camera stages act in concert with the laser excitation beam via a custom-designed 
computer program. This action is required to maintain the camera focus at the laser sheet focal plane. 
Error in laser sheet placement for the horizontal beam was ± 0.04 in (1 mm); for the vertically inserted 
beam the error in placement was ± 0.08 in (2 mm). 

IMAGE COLLECTION 


Detection of the planar fluorescence was accomplished by using a Princeton Instruments gated and 
intensified charge-coupled device (ICCD) with an array size of 384 x 576 pixels. The camera intensifier 
was synchronously triggered with the laser pulse through a Princeton Instruments FG-200 pulse generator. 
A Princeton Instruments ST-100 detector controller was used to provide a gating period of 75 ns. The 
planar fluorescence normal to the laser excitation sheet was collected through a 105 mm Nikon f/4.5 UV 
Nikkor lens. Princeton Instrument’s Winview software package was used to acquire all images. 
Elimination of noise (e.g., scattered laser light, non-resonant excitation, radiation from the combustor walls 
and from the self luminous flow) was accomplished through spectral filtering. For OH fluorescence, a 
combination of a 2mm thick WG-305 and a 1 mm thick UG-11 Schott colored glass filters was used. For 
detecting NO, an Andover narrow band interference filter with a bandpass of 8 nm FWHM and a peak 
transmittance of 10% centered at 238 nm, was used. Wavelength selection is a critical consideration for NO 
detection, in order to avoid the Schumman-Runge band system of 0 2 which overlaps much of the NO 
spectrum at elevated pressures and temperatures. 10 An Andover narrow band interference filter provided 
selective detection of C 2 . This filter had a peak transmittance of 64% centered at 532.4 nm with a bandpass 
of 2.9 nm FWHM. 

FLAMETUBE HARDWARE 


The sector hardware used in this study has been described previously 11 but a brief description is 
provided here. A sector is a subsection of a full annular combustor. Due to the expense of building a full 
combustor, initial tests are conducted on an arc containing several adjacent fuel injector assemblies. 
Sectors are used to assess interactions between potential combustor elements, particularly fuel injectors. 
While most sectors are true arcs, the one used for this study had a rectangular cross section, thereby greatly 
simplifying the implementation of laser diagnostics. Due to the proprietary nature of this fuel injector 
design, no detailed written or schematic description can be provided. 

Figure 3 shows a schematic of the optically accessible sector combustor. The stainless steel (SS) 
housing is lined with a cast ceramic material and is water-cooled. The inlet flow path area measures 8.5 in 
x 8.5 in (21.6 cm x 21.6 cm). Within this area three fuel injector “domes” are fitted. The dome refers to the 
area in the combustor in which the primary combustion air and fuel are introduced. Each dome consists of 
an array of identical fuel injectors. The outer domes (bottom and top) in this radially staged combustor are 
composed of lean premixed prevaporized (LPP) injectors, while the center dome contains the pilot 
injectors, which operate as partially premixed swirl-stabilized fuel-air mixers. Two arrangements of the 
domes are possible. In the first, or the “staggered” configuration, the exit plane of the center dome is in its 
upstream position, approximately 1.8 in (4.6 cm) ahead of the exit plane of the outer domes. In the second, 
configuration, referred to for the purposes of this report as the “flush” position, the center dome is located 
farther downstream with its exit plane approximately 0.71 in (1.8 cm) ahead of that of the outer domes. 
Further downstream, the chamber necks down to an exhaust area measuring 4.0 in (10.2 cm) high x 8.0 in 
(20.4 cm) wide. To allow simultaneous gas analysis of the flow, radially mounted sample extraction probes 
are located in this smaller exit region. 

Optical accessibility is achieved through a window design described in detail elsewhere. 12 The UV 
grade fused silica windows measuring 1.5 in (3.8 cm) axially, 2.0 in (5.1 cm) in the direction normal to the 
flow and 0.5 in (1.3 cm) thick, are positioned so that the exit plane of the top dome can be seen. The top 
and bottom windows are centered with respect to the rig centerline. The side windows however, are offset 
1.0 in (2.5 cm) above the rig centerline in order to center the field of view of these windows on the interface 
region between the upper and pilot domes. Figure 4 shows the window positions with the respective fields 
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of view for each of the two sector rig configurations. Also shown are the laser sheet positions for horizontal 
and vertical insertion. Laser sheet positions were typically 0.2 in (5 mm) apart resulting in a total of 9 
possible positions ranging from +0.8 in to -0.8 in (+20 mm to -20 mm). Zero positions were the rig center- 
line for vertical laser sheet insertion, and the interface between the pilot dome and the upper dome for 
horizontal laser sheet insertion. To keep the windows from experiencing thermal damage, they were thin- 
film cooled. The nitrogen gas cooling provided no more than 12% of the aggregate combustor mass flow 
rate, which, for this series of experiments, did not exceed 4.10 kg/s. 

RESULTS AND DISCUSSION 

For the images presented herein, no signal processing routines such as background subtraction, 
normalization for laser sheet energy distribution, or corrections for shot-to-shot variations in laser energy 
were performed. The data was subjected to smoothing and scaling routines to render the images free of 
noise spikes and to enhance legibility. All images, unless otherwise specified, were acquired as a series of 
five single-shot images. However, some on-chip averages, in which a pre-determined number of images are 
stored and integrated on the imaging chip, were acquired for selected points. In all images the flow is from 
left to right. The gray scale to the left of each Figure shows the relative signal intensities increasing from 
bottom to top. 

OH IMAGING 

The doubled dye output was tuned to specific rovibronic transitions of the OH (1,0) band, namely 
R,(10), Ri(ll), and Ri(12) at 281.607 nm, 281.824 nm, and 282.055 nm, respectively. These bands were 
found previously to have little or no attenuation across similarly constituted flows. 6 The laser energy was 
maintained at approximately 16 mJ for each of these wavelengths. 

Figure 5 shows typical single shot PLIF images obtained with the radially-staged sector combustor 
in the staggered configuration. The OH Ri(10) excitation wavelength was used with horizontal laser sheet 
insertion at +20 mm (top sequence) and -20 mm (bottom sequence). This Figure serves to make two points: 
1) There are significant differences between the imaged flowfields arising from the two types of fuel 
injectors examined within the image (LPP top, pilot bottom); and 2) There is considerable shot-to-shot 
variation in the flow field at both laser sheet insertion points. The top sequence shows little interaction 
between adjacent LPP injectors, which was found in every image obtained at this location. The image 
sequences in the Figure show that PLIF can also be quite useful in differentiating flow structure 
characteristic of different fuel injector types. 

The optimum number of laser shots necessary to best characterize the flowfield in the radially- 
staged sector combustor was determined. This examination found, after looking at images obtained with 
numbers of shots ranging from 1 to 600, that 25 laser shots were adequate to typify the flow for any given 
laser sheet insertion point. 

Figure 6 shows a comparison between resonant Rj(ll) and non-resonant (281.824 nm) OH 
excitation for the sector at identical flow conditions in the “flush” configuration with vertical laser sheet 
insertion. As in Figure 5, the dominant feature in both cases is the intense signal immediately downstream 
of the LPP injectors. Clearly the fluorescence from this region has a significant “noise” contribution. The 
non-resonant signal is essentially equivalent to the resonant signal in this region. However, in the boxed 
lower region, there is two times more signal emanating from the pilot region for the resonant case than in 
the non-resonant case. The boxed region in both images was processed independent of the remaining image 
to enhance the signals. Once this was accomplished, the remaining image was scaled so that its maximum 
pixel value was equal to the maximum pixel value of the boxed region. The rationale for this action is that 
the emission emanating from the excited LPP effluent is so much stronger than that from the lower region 
(on the order of 4 to 5 times greater), that in order to examine both areas simultaneously, the lower region 
must be processed separately. Plainly, the majority of the resonant signal in the pilot region is from OH 
fluorescence, while that downstream of the LPP injectors is strongly influenced by interfering emissions. 
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A comparison of images for a range of equivalence ratios (<|> = 0.44, 0.49, 0.51, and 0.57) is shown 
in Figure 7. This sequence was collected using vertical OH Ri(12) laser sheet insertion with the sector rig 
in the “flush” configuration. Again, as in Figure 6, the lower region has been enhanced for better visibility 
of the OH signal. These images, all taken at the zero position, show the flowfield under the same inlet 
conditions of temperature (739 K) and pressure (14.3 atm). As expected for fuel-lean cases, the OH 
fluorescence intensity increases with increasing equivalence ratio. 

FLUORESCENCE INTERFERENCE 

Earlier studies comparing resonant and non-resonant OH excitation in single injector flame tubes 
were relatively free of fluorescence interferences. 6 This observation was attributed largely to the window 
location, which was well downstream of the primary reaction zone. The window location on this radially- 
staged sector rig, however, intersects the area immediately downstream of the LPP fuel injectors. The 
signal observed at this location in the previous Figures is attributed primarily to PAH fluorescence, based 
upon the results obtained from the resonant and non-resonant laser excitation comparison. Fluorescence 
interferences attributed to PAH’s (using similar laser fluences as this study) have been reported from the 
fuel-rich, high temperature zone of heptane-fueled spray flames. 13 That study examined PAH’s that were 
formed in a region containing fuel vapor, combustion intermediates and pyrolysis products. In the present 
study however, due to the fuel-lean conditions and the window location, there may not be adequate time for 
PAH formation to occur; therefore the fluorescence that is being observed in the region immediately 
downstream of the LPP injectors must originate not only from OH but from other molecular species present 
in the fuel. The JP-5 fuel can, on a volumetric basis, contain up to 25% aromatics with a large fraction of 
these being PAH. 14 Due to this interference, exclusive observation of OH fluorescence in this region is 
clearly made more problematic. 

Initial experiments have been performed using a narrow band interference filter centered at 315.1 
nm with a 2.3 FWHM and 9.0% transmission efficiency. A comparison of resonant and non-resonant 
images downstream of the LPP injectors in the staggered configuration shows a drastic 85% reduction in 
fluorescence intensity in the non-resonant case. This result shows that selective spectral filtering may be an 
efficient means to discriminate between the broadband PAH emissions and the OH fluorescence in regions 
where both are present. 

NO IMAGING 


Figure 8 presents NO PLIF data acquired with the pilot in the upstream position for a range of 
equivalence ratios. The excitation wavelength was 225.386 nm, with the laser sheet in the vertical 
orientation. Each image frame is a 600 laser-shot on-chip average. To eliminate possible fluorescence 
interference in the LPP downstream region, only the signal within the boxes of each image in Figure 8 is 
analyzed. With the exception of the drop between = 0.54 and = 0.57, a rise in fluorescence signal was 
seen with increasing equivalence ratio. This drop might be attributed to some local flow anomaly causing 
a decrease in the local NO concentration at the time the image was acquired. To support this hypothesis, 
the data coincidentally acquired by gas sample extraction probes is presented in Figure 9. 

As is clearly evident in this comparison of the gas sampled NO x signal with the NO PLIF data, the 
NO x gas sampled data reproduces nearly point-for-point the NO PLIF data, showing the same drop in NO 
concentration occurring between <|> = 0.54 and $ = 0.57. The signal in the boxed region is clearly due to NO 
fluorescence since in fuel-lean combustion, as equivalence ratio increases additional fuel is added leading to 
greater 0 2 consumption. This results in a higher flame temperature and subsequently increased NO 
formation. From these factors we conclude that the observed increase in fluorescence intensity with 
increasing equivalence ratio is due to NO formation. The results presented by Figures 8 and 9 clearly 
demonstrate the value of the PLIF technique as a diagnostic tool for planar detection of low concentrations 
of NO in complex combustion flowfields. 
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C. IMAGING 


Imaging the chemiluminescence emanating from nascent C 2 in the flow provides an opportunity to 
investigate the region immediately downstream of the pilot dome, which is inaccessible to laser excitation. 
An image capturing C 2 Chemiluminescence is shown in Figure 10. For this image the camera was focused 
at the vertical zero position. This image, with the pilot in the staggered configuration, clearly shows that the 
C 2 fluorescence sweeps from the pilot region into the LPP injector dome region. This motion is indicative 
of the presence of a recirculation zone in this interface region between the two domes. Also evident is the 
lack of any apparent C 2 in the downstream area of the pilot dome beyond this interface region. This is 
supported by the observation in Figure 6 comparing resonant and non-resonant OH fluorescence which 
showed the almost complete absence of any interfering PAH fluorescence in this region. 

SUMMARY AND CONCLUSIONS 

This preliminary study has presented PLEF images of combustion species within a JP-5 burning, 
radially-staged sector combustor operating at conditions of high pressures and temperatures. PLIF images 
using resonant OH excitation wavelengths were acquired for several different injector dome configurations. 
These images displayed the nearly total lack of interaction between individual LPP injectors in the upper 
dome. OH PLEF imaging immediately downstream of the LPP fuel injectors was found to be problematic 
at these conditions due to the higher percentage of interfering PAH fluorescence. However, comparison of 
images obtained using resonant and non-resonant OH excitation allowed the fluorescence collected 
downstream of the pilot dome to be attributed to OH. The images obtained in this study indicate that OH 
PLIF is an excellent tool to identify flow characteristics arising from diverse fuel injector types. PLIF 
imaging of PAH could serve as a diagnostic to identify situations in which there is low fuel flow to the 
injectors or the presence of fuel line or injector obstruction. Recent investigations have indicated that 
narrow band spectral filtering could be highly effective at abating broadband PAH emissions. 

The first ever NO PLIF images at these conditions were captured for a variety of equivalence 
ratios and compared favorably to simultaneously acquired gas sample extraction data. These results point 
to the soundness of using PLIF as a diagnostic for attaining two-dimensional mapping of low concentrations 
of NO at actual operating conditions. 

Images of nascent C 2 radical chemiluminescence were also obtained. These data showed the flow 
in a region inaccessible to laser probing. Additionally, C 2 imaging displayed the interactions between the 
pilot and the LPP domes denoting the need to perform a more in-depth study of the complex recirculation 
phenomenon present in these types of combustors. 

Images such as presented here serve to detail individual fuel injector performance as well as reveal 
interactions, or lack thereof, between juxtaposed fuel injectors and injector domes. These images, presently 
unattainable elsewhere, give researchers a valuable opportunity to observe and assess engine 
subcomponents at actual working conditions. 

Future work is planned in which a second ICCD camera will be used to capture a simultaneous 
laser sheet profile for use in normalizing the fluorescence PLIF image for variations in the laser sheet 
energy distribution. An investigation will also be made to examine alternative spectral filtering techniques 
in an attempt to reduce or eliminate fluorescence interferences. Additionally, the sector rig design allows 
for the fuel injection domes to be shifted further upstream. This would allow interrogation of the post 
combustion region farther downstream of the LPP injectors, presumably free of interfering fluorescence 
from PAH’s. Finally, further investigations will be made to determine the detection limitations and the 
extent to which the NO PLEF measurements can be quantified. 
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Figure 1. Laser beam delivery system. 
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Figure 2. Schematic representation detailing optical setup for horizontal (left) and vertical (right) laser sheet 
insertion. 
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Figure 3. Sector combustion shell with quartz window assemblies. 
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Figure 4. Window positions with fields of view for each sector configuration, 
including laser sheet positions for horizontal and vertical implementation. 
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Figure 5. Shot-to-shot variation in flame structure for the staggered dome configuration, using horizontal laser sheet insertion. Resonant OH 
excitation is R^IO). T ln = 710K, P in = 1020 kPa, $ = 0.57. Laser sheet position — top row: +20 mm; bottom Row: -20 mm. 
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Figure 6. Image comparison in the staggered dome configuration for resonant (left) and 
non-resonant (right) OH excitation, using vertical laser sheet insertion. Resonant 
excitation is Rj(ll); non-resonant excitation is at A = 281.824 nm. T in = 833K, 

P in = 910 kPa.and $ = 0.44. 



$ = 0.44 $ = 0,485 $ = 0.51 $ = 0.57 


Figure 7. Comparison of OH PLIF images for increasing equivalence ratios in the ' flush” 
dome configuration using a vertical laser sheet insertion at the zero position. 

T in = 739K, P in = 1450 kPa. Resonant excitation is R,(12). 
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Figure 8. Comparison of NO PLIF images for increasing equivalence ratios in the staggered dome configuration using 
vertical laser sheet insertion at the zero position. Tm = 833K. P in = 910 kPa.. 
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Figure 9. Graph showing a comparison of the NO PLIF data and the gas sampled NO* data acquired in the staggered 
dome configuration. T, n = 833K. P in = 910 kPa. 
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Figure 10. Image of naturally occurring fluorescence from C 2 at 532 nm with the dome in the 
staggered configuration. T in = 730K, P in = 950 kPa. and 4> = 0.43. 
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